This study investigated long-term adaptations of smooth pursuit eye movement characteristics in high-level gymnasts and compared these responses to those of nonathletes. Gymnasts were selected because of their exceptional ability to spatially orient during fast, multiaxial whole body rotations. Participants were tested with standardized and supra-maximal sinusoidal smooth pursuit measurements. The results showed significantly higher gain values in top-level gymnasts, followed by young federal team gymnasts, followed by the nonathlete control group. By testing participants over the course of three years and also after periods of abstinence from training, changes to patterns of smooth pursuit over time are revealed. These results have interesting implications for understanding the characteristics of eye-movements in expert populations as well as understanding the general principles that underlie oculomotor adaptation.
Introduction and Aims
In contrast to nonathletes, individuals trained in sports that involve rotational movements (i.e., gymnasts, divers, figure skaters, etc.) have a more highly developed capability for maintaining a sense of orientation while executing highly complex movements (e.g., demonstrated by the striking precision of immersion into the water after complicated multiaxial movements in diving). A precise understanding of the neural mechanisms underlying these abilities and how they develop as a function of experience are questions that remain largely unanswered. One method of accessing low-level responses to changes in orientation has been to examine the vestibulo-ocular and retino-ocular systems. Specifically, for different mechanisms of the visual and retino-ocular system, load-induced changes typically associated with high movement velocities and/or more dynamic reactions have been described. Within this field of research for instance training effects related to peripheral visual motion, dynamic depth perception and peak saccadic positioning velocity, have been illustrated (e.g., Gregg, 1987; Loran & MacEwen, 1995) .
To the best of our knowledge, there have been no studies evaluating specific training effects on smooth pursuit as a function of sport-specific rotational demands. Furthermore, few studies have carefully examined maturation-related changes in smooth pursuit over a span of several years in adolescents and young adults. Consequently, the first objective of this study was to test whether participants who extensively practiced complex rotational movements (i.e., competitive gymnasts), show differences in smooth pursuit gain values compared with nonathletes. Here our aim was to identify any context-specific adaptive changes to better understand the mechanisms responsible for maintaining orientation during complex movements. The second objective of the study was to evaluate how these parameters change over time and are affected by different intensities of training schedules. We addressed the extent to which these processes are affected by training by comparing expertly trained gymnasts (some at the level of Olympic competition), to nonathletes and also by comparing expertly trained gymnasts over the course of three years of their training. The fact that data for this longitudinal analysis was sampled from the same participants over three years provides unique insights into within-subject characteristics of these processes that are not accessible using other testing paradigms. Evaluating both adolescent nonathletes and trained athletes over this time provides insight into both maturational-related changes and training-related changes respectively.
The Physiological Function and General Properties of Smooth Pursuit
The smooth pursuit system is responsible for preventing retinal image slips and for maintaining a stable fixation on a particular visual target. With respect to acrobatic sporting activities that involve complex multiaxial whole-body rotations, the function of smooth pursuit eye movements is to maintain visual spatial orientation during self-motion or, in particular, to provide sufficient visual control of safe landings (e.g., Luis & Tremblay, 2008; Davlin, Sands & Shultz, 2001; Heinen, 2011; Hondzinski & Darling, 2001) . Individuals who do not commonly experience such complex movements would become highly disoriented and uncoordinated under these conditions and this could be partially related to a nonadapted smooth pursuit system. Smooth pursuit is measured by determining the relationship between actual eye movements and target movements. Typically the parameters of "phase" and "gain" are used to describe the smooth pursuit characteristics under specific conditions. The phase is a measure of the temporal synchrony between the target and the eye. The "gain" describes the ratio of the eye movement velocity relative to the velocity of the stimulus signal. Therefore, during "ideal" pursuit tracking, the gain would be 1.0 and the phase shift would be close to zero. Deterioration of gain values can be related to the frequency of the stimulus, the rate of stimulus acceleration, and the maximum speed of the stimulus (e.g., Lisberger, Evinger, Johanson & Fuchs, 1981) . For healthy adult subjects, the threshold values required to keep a gain of at least 0.8 in sinusoidal tests include a maximum velocity of approximately 100°/s (Meyer, Lasker & Robinson, 1985) and a maximum acceleration of about 1000°/s 2 (Lisberger et al., 1981) . However, additional evidence has also indicated that there is very high intersubject variability with regards to smooth pursuit characteristics (e.g., Langenegger & Meienberg, 1988; Schalén, 1980) . Although smooth pursuit is normally triggered by a retinal image displacement, it can also be driven via proprioceptive inputs (observed when tracking one's own finger in the dark; e.g., Leigh & Zee, 2006, p.196) and via predictive mechanisms (e.g., Bennett & Barnes, 2004) . Additional impacts on smooth pursuit related to nonvisual stimuli have also been described (e.g., Gauthier & Hofferer, 1976; Mather & Lackner, 1981; Steinbach, 1976; Weir & Knox, 2001) . Precise smooth pursuit control consists of neural responses with an onset latency of approximately 100 ms after the onset of a ramped visual target motion cue (Carl & Gellman, 1987) , but it is also marked by anticipatory and interpolative processes for context specific compensation of latency effects (e.g., Becker & Fuchs, 1985; Boman & Hotson, 1989; Kowler, Martins & Pavel, 1984) . Further, learning processes play a role in the modification of pursuit reactions to specific stimuli (e.g., Barnes & Schmid, 2002; McHugh & Bahill, 1985) . Therefore, responses to predictable movements of visual targets are known to be more precise than responses to unpredictable movements (e.g., Becker & Fuchs, 1985; Kowler et al., 1984) .
Experience and Maturational Related Development of the Retino-Ocular System and Athletic Training-Dependent Adaptations
While the current study is focused on understanding smooth pursuit adaptations in athletes who are highly trained in complex rotational tasks, it is important to recognize that similar types of adaptations are also observed during normal development. For instance, a number of studies have reported changes in smooth pursuit characteristics (i.e., gain increases) during the maturation process in babies and preschool children (e.g., Gredeback, von Hofsten, Karlsson & Aus, 2005; Jacobs, Harris, Shawkat & Taylor, 1997; Phillips, Finocchio, Ong & Fuchs, 1997; von Hofsten & Rosander, 1997) as well as during the aging process in adults (i.e., gain decreases; e.g., Knox, Davidson & Anderson, 2005; Morrow & Sharpe, 1993; Paige, 1994; Zackon & Sharpe, 1987) . Few studies, however, have carefully examined either maturationrelated or experience-related changes in smooth pursuit over a span of several years in healthy adolescents and young adults. While maturation-related changes refer to those that typically change with age, irrespective of an individual's particular experiences (evidenced by changes in nonathletes over time), experience-related effects are specific to the knowledge or skills that a particular individual has been exposed to apart from what would "typically" happen during the aging/development process (evidenced by changes in athletes over time compared with nonathlete controls). In the current study we compare changes in smooth pursuit characteristics over the course of three years in both gymnasts and nonathletes ranging in age from 10 to 16 years.
Smooth Pursuit in Athletes Trained in Fast, Whole-Body Rotations
Certain sports involve movements that require significantly higher self-motion velocities and more complex sequences of motion than others. For example, quadruple jumps in figure skating can reach angular velocities of up to 2100°/s (Knoll, Knoll & Köthe, 2000) . On the trampoline, somersault elements can consist of as many as six longitudinal-axis rotations, and in diving, somersaults consisting of 4.5 lateral-axis rotations are also possible (Knoll et al., 2000) . Few studies have specifically examined visual adaptations in such sports that have high rotational demands (e.g., gymnastics, diving, figure skating etc.). In one example, Krug, Mühlbauer and Naundorf (2002) showed that divers were able to recognize various light signals during fast lateral axis rotations (approx. 500°/s) in a somersault simulation device. In these studies, participants were asked to identify whether one, two or three lamps were illuminated at the moment of actively "straightening out" (opening process before immersion into the water) after completing sport-specific backward somersault elements. However, these results do not describe smooth pursuit functions specifically, but the general ability to recognize light signals, which can also be driven by peripheral vision mechanisms.
The context-specific characteristics that could be expected by an adaptation of higher smooth pursuit velocities likely depend on the type of maneuver and the particular sport. Some multiaxial flight elements are presented in a manner which enables them to be visually controlled during the whole flight phase. However, there are other maneuvers in which angular velocities are too high to be visually controlled (e.g., during frames 4-10 of Figure 1 with velocities about 1200°/s; Knoll et al., 2000) . These phases are typically described by athletes as being difficult to represent visually in their mental reconstruction (von Laßberg, Mühlbauer & Krug, 2003) . Instead, these athletes typically report remembering the beginning of the element and, most vividly, the phase before landing. Notably, the final phase of the movement is marked by a reduced angular velocity due to the "opening up" of upper and/or lower limbs or "straightening out procedures" after fast rotating elements that are performed in a tucked body position (e.g., in diving, the point just before entering the water). During these lower velocity phases, the visual control mechanisms and, in particular, the smooth pursuit functions likely take over control and ensure a safe landing. Consequently, the higher the individual smooth pursuit velocity and gain level, the earlier the athlete will be able to obtain stable gaze viewing with the landing site (e.g., the floor, the apparatus, or the water surface). In this respect, a higher smooth pursuit velocity could be considered a sport specific advantage and could possibly be one of the factors related to individual performance levels in multiaxial orientation tasks specifically and movement control in general.
Methods

General Design
As mentioned above, the first objective of this study was to test whether participants who extensively practice complex rotational movements, show differences in smooth pursuit gain values compared with nonathletes. Specifically, it was hypothesized that athletes would demonstrate higher smooth pursuit gain values compared with nonathlete controls, as a function of their training. Therefore, a cross-sectional analysis was conducted to compare several groups with different levels of expertise, including Olympic and second-tier international competitors, state junior gymnasts and nonathletes. The second objective of this study was to 
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evaluate how these parameters change over time and are affected by different intensities of training schedules. Therefore, a longitudinal analysis was performed on the state junior gymnasts and the nonathletes over the course of three years with testing occurring at the beginning and end of this timeframe. Within this same timeframe, the athletes were also tested after a period of complete abstinence from training (a three week break). Further, competitive gymnasts who reduced the intensity of their training during the last year of the studied period were compared with those who increased the intensity of their training.
Apparatus
The Tübingen Vestibular Research Stimulator (TVRS). All tests were conducted using the Tübingen Vestibular Research Stimulator (TVRS, See Figure 2 ; Bechert & Koenig, 1996) . This apparatus provides the opportunity to project visual motion stimuli on to the spherical inner plane of the cabin. The target was produced using a laser galvanometer system. A computer controlled presentation of different types of sinusoidal visual stimuli, given by a singular light point projection (stimulus laser) was used.
Videonystagmography (VNG) System. Oculomotor data in all of the studies were collected and processed using a 2D videonystagmography goggle system (2D VOG, version 3.2, created by SensoMotoric Instruments [SMI]), with telemetric data transfer. The system works with an infrared camera which captures the left eye movements of the participant at a frequency of 50 Hz in the dark. Using the differences in brightness between the iris and pupil, the system scans the inner edge of the iris and uses the geometric data to calculate the center of the pupil. The right eye was uncovered, allowing for free and unrestricted viewing.
Assessment Software. In addition to the internal system functions of the SMI software, custom software written using the LabView development environment (National Instruments) was used to calculate the oculomotor parameters. For smooth pursuit tests the command signal was recorded. The laser galvanometer had a very short latency and a very high bandwidth. All signals were recorded at 50Hz and multiple copies of the signals were interleaved to create an oversampled version that was filtered with 21-tap-finite-impulse response digital low-pass filter (42Hz cut-off) that was optimized for noise reduction and preservation of critical fast component dynamics. The oversampling allowed for the elimination of quantization noise. Quantization noise results from digitization of analog signals to discrete values for which intermediate values do not exist. This is solved by oversampling, that is, sampling at a rate higher than needed to allow filtering the signal to include the intermediate values. Fast components (i.e., saccades) were removed and replaced with interpolated values. The fast component removal software used a phase space plot of response versus stimulus to remove phase and interactively put boundaries around the low component plot. Values outside the boundaries were removed. Statistical analyses of the noise of the residuals from the best-fit of the slow component response to the stimulus were used to allow for an objective evaluation of the interactive choices. The gain and phase values were obtained from a cross-spectral density of slow component responses to the stimulus at the frequency of the stimulus.
The control signal of the described laser pointer system of the TVRS was used as the stimulus signal for the smooth pursuit eye-movement measurements. Using the analysis software, it was possible to calculate the average smooth pursuit gain (ratio: eye-movement velocity/stimulus velocity) and use this for further statistical analyses. The described evaluation procedure is one of the most popular and well-established methods in the field of oculomotor research (Baloh, Langhofer, Honrubia & Yee, 1980; Leigh & Zee, 2006, p. 219) .
Cross-sectional Analysis
Participants. Competitive male gymnasts were recruited from the National Training Centre for Artistic Gymnastics in Stuttgart. They were comprised of a group of A and B level gymnasts (A/BGy; N = 9, Ages 17-25) and another group of D-level gymnasts (DGy; N = 9, Ages 10-13 at first test). A-level gymnasts were members of the German national team. Members of the B-Level group represent "second tier" gymnasts who were competing for entry into the A-Level team. Members of the A/BGy group had a training schedule of 25-32 hr per week. C-Level gymnasts are defined as the "junior national team" (none of whom were included here). The D-Level group is defined as a selection of the best area, or state junior gymnasts. Members of the DGy group had a training schedule of 20 hr per week at the first time of testing. Overall, the gymnasts included in this study were not specialized for any specific apparatus, but rather they all competed in each of the six male Olympic gymnastics apparatuses (floor exercise, high bar, parallel bars, vault, pommel horse and rings). A sample of nonathletes (NA; N = 10, Ages 11-13 at first test) of the same approximate age as the DGy group was measured as a control group.
When choosing the groups of participants, close attention was paid to ensure highly homogeneous training and performance levels within groups. While this resulted in somewhat small samples due to the fact that only a few participants could meet such a strict criteria (especially at more advanced levels), it was important to test participants within this high caliber range.
Procedure. Eye-movement measurements were carried out in a standardized sequence of four different tests using sinusoidal horizontal stimuli with maximum velocities of 60°/s (frequency: 0.48 Hz, acceleration: 180°/s 2 ), 120°/s (0.96 HZ, 720°/s 2 ), 140°/s (1.11 Hz, 960°/s 2 ) and 160°/s (1.27 Hz, 1620°/s 2 ). These velocities were purposefully set above the limits described in the literature for smooth pursuit in normal participants to be able to record and reveal higher tracking velocities in participants trained in rotational motion. The maximum smooth pursuit with gains >0.8 are represented in the literature at approx. 100°/s (cf. Meyer, Lasker & Robinson, 1985) . The maximum acceleration threshold in healthy adults has been measured at about 1000°/s 2 (Lisberger et al., 1981 ). In the current study, the visually-tracked stimulus moved horizontally at a constant visual angle of 20 degrees with a sinusoidal acceleration. These data consist of the first measurements collected for each group and thus represent what we will refer to throughout the paper as T1 (Time 1).
To carry out the series of tests described above, the participants were secured to a special chair in the TVRS. Their head was fixed in a U-shaped headrest to prevent it from moving. The participants wore the videonystagmography mask described above. Above the participant's head, the computer-controlled laser generated the visual stimulus, which was projected directly in the participant's field of view at a distance of 1.0 m in front of them onto the concave surface of the TVRS. The position of the participants' head was precisely centered in the concave projection area (see Figure 2 ).
Once the test had begun, the laser moved horizontally and the participant was instructed to visually follow the point as best as possible. The laser produced a 3 mm spot of light and the brightness was adjusted using two rotatable polarizing filters. The brightness was set to allow for easy visibility and no after-images in the darkened chamber. It was not changed during the entire course of the measurements for all participants. The four test velocities (60, 120, 140 and 160°/s) were each tested with one continuous set of 15 oscillations at each velocity. A 20 s pause was introduced between each of the test velocity intervals. The first three oscillations for each velocity were removed from the gain analysis to avoid errors caused by accidental delays in visual tracking at the onset of the stimulus presentation. The data from the remaining 12 oscillations were averaged into one value per participant. Neurological disorders were excluded for all participants. Additional factors that could have affected retinal eye-movement velocities of individual participants were also documented (e.g., frequent video game playing experience, etc.).
Longitudinal Analysis
Participants. The same group of D-Level gymnasts (DGy) and nonathletes (NA) who took part in the cross-sectional study also participated in the longitudinal study. The A/BGy group was not included in this study for reasons of availability. At the third measurement time (3 years later, T3), both samples only had one participant who was no longer available for testing. Four participants in the original DGy group were still on the federal team and had increased their number of training hours (from 20 hr/week at T1 to 22-25 hr/week at T3). Four other participants in the original DGy group were no longer on the team and had only trained for approximately 6-10 hr/week during the 12 months following their retirement from the team and before T3. None of the participants in the NA group had started regularly participating in specific training schedules during these three years, apart from the normal daily life activities of adolescents at this age.
Procedure. The longitudinal study employed the same measurements as the cross-sectional study, but with two additional measurement time points. While the time point of the first measurement (T1) was the same as that included in the crosssectional analysis, a second measurement (T2), was taken directly after a threeweek break from training. This break started immediately after the measurements of T1 were completed. The third test (T3) was carried out three years after the initial test. The tests were conducted in an identical manner as those described for the cross-sectional comparison. The same questionnaire that was used in the cross-sectional study was administered again. Due to the repeated measurements of the groups in the longitudinal study, this also allowed us to verify the results observed in the cross-sectional study at different stages/levels of training.
Statistical Methods
All data were described by calculating means (M), standard deviations (SD) and Coefficients of Variance (CoV). It was confirmed that the data were normally distributed (i.e., using Kolmogorov-Smirnov). By using the Levene test, data were controlled for failures of homogeneity of variance. Student t tests were conducted for both the cross-sectional (independent samples) and the longitudinal (paired samples) data sets. The alpha level was set at a = .05. Effect sizes were calculated using Cohen's d [d = (mean x-mean y) / mean SD]. In addition, for the longitudinal data set, to test the stability of smooth pursuit gain values over the different testing times within the same groups, Pearson correlation coefficients were calculated. SPSS (Version 18.0) was used to conduct the statistic analyses. Table 1 .
Results
An overview of the descriptive values of all tests is given in
Cross-Sectional Analyses
Overall, the results demonstrated consistent smooth pursuit gain reductions as a function of increasing stimulus velocities across all groups at T1 (See Figure 3) .
When comparing changes in gain across velocities for each of the groups, a Pearson correlation analysis demonstrated an averaged value of r = .80 for the ABGy group, r = .81 for the DGy group and r = .69 for the NA group. In general, stronger correlations were observed for faster velocities, which could possibly relate to the greater CoVs at these velocities. Therefore, these results indicate that even though within each group there was variability in gains among participants, the relative ranking of individuals within each group remained quite stable across the different velocity levels (i.e., the participant with the highest gain at 60°/s also likely had the highest gain at 160°/s). Independent samples t tests were conducted to evaluate whether there were any between group differences at the different velocity levels when tested at T1 (See Figure 3) . Results demonstrated significantly higher gain values across all test velocities for the A/BGy group compared with the NA group (60°/s: T = 3.958, p = .001; 120°/s: T = 3.862, p = .002; 140°/s: T = 3.529, p = .003; 160°/s: T = 3.591, p = .002; effect size averaged across velocities: d = 1.9). Results also demonstrated significantly higher gain values when comparing the A/BGy group with the DGy group for velocity levels of 60°/s (T = 2.667, p = .009), 120°/s (T = 2.238, p = .023) and 160°/s (T = 1.722, p = .05) (effect size averaged across velocities: d = 0.9). Significantly higher gain values were observed for the DGy group compared with the NA group, for velocity levels of 60°/s (T = 2.00, p = .031), 120°/s (T = 2.372, p = .015), 140°/s (T = 2.651, p = .009) and approached significance for 160°/s (T = 1.660, p = .058) (effect size averaged across velocities: d = 1.0).
Longitudinal Analyses
The same trend of gain reductions with increasing velocities that was observed at T1 was also observed for the DGy group at T2. These effects were also observed for the DGy and NA groups at T3 (See Figures 4 and 5) . The detailed values of all groups are listed in Table 1 . The second test (T2; after a three week break) was not carried out in the NA group. The mean gains are represented by the bar graphs for T1 (white) and T3 (gray) and each symbol represents an individual participant's data. One symbol is used to represent the same participant for both testing times and at all velocities (i.e., Participant 1 in the NA group is always represented by an open circle).
Changes in DGy Group Following a Break in Training (T2).
When comparing changes in gain from T1 to T2 in the DGy group, a Pearson correlation analysis demonstrated a value of r = .73 averaged across velocity levels. Paired samples t tests were conducted to evaluate whether there were differences in gain at each of the velocity levels when the DGy gymnasts were tested at T1 compared with T2 (after the break). Results demonstrated significant differences at 120°/s (T = 2.981, p = .009) and 140°/s (T = 2.377, p = .023). Gains at velocity levels of 60°/s and 160°/s approached significance (T = 1.412, p = .098 and T = 1.573, p = .08 respectively). The effect size averaged across velocity levels was d = 0.5. When examining individual participant data in Figure 4 , with very few exceptions, participants demonstrated a qualitative reduction at all velocity levels.
Changes in DGy Group After Three Years of Continued Training (T3).
When comparing changes in gain from T2 to T3 for the DGy group, a Pearson correlation analysis demonstrated a value of r = .60 when averaged across velocity levels. Paired sample t tests were also conducted to evaluate whether there were differences in gain for each of the velocity levels when tested at T3 compared with T2. Results demonstrated significant gain increases at all velocity levels (60°/s: T = 4.621, p = .001; 120°/s: T = 7.716, p < .001; 140°/s: T = 4.929, p = .001; 160°/s: T = 3.714, p = .005). The effect size averaged across velocity levels was d= 1.8. Examining the individual participant data revealed that all gymnasts (without a single exception) had higher gains at T3 compared with T2 (See Figure 4) . The gain values were also significantly higher at T3 than they were at T1 for all velocity levels (60°/s: T = 4.009, p = .003; 120°/s: T = 6.803, p < .001; 140°/s: T = 3.269, p = .007; 160°/s: T = 2.534, p = .02). The effect size averaged across velocity levels was d = 1.3. The four DGy-level gymnasts who had reduced their training schedule 12 months before T3 tended to have smaller increases in gain across time compared with their colleagues. Specifically, the gymnasts who increased their training schedule demonstrated significant increases from T1 to T3 at every velocity level (effect size averaged across velocities: d = 3.8), whereas those who reduced their training schedule did not demonstrate any significant increases from T1 to T3 apart from at 120°/s (p = .023; effect size averaged across velocities: d = 0.9).
Changes in Nonathletes After Three Years (T3).
When comparing changes in gain from T1 to T3 for the NA group, a Pearson correlation analysis demonstrated a value of r = .80. Paired samples t tests were conducted to evaluate whether there were significant differences in gain for each of the velocity levels when tested at T1 compared with T3 (See Figure 5) . Results demonstrated significant gain increases at all velocity levels (60°/s: T = 3.797, p = .003; 120°/s: T = 4.783, p = .001; 140°/s: T = 2.554, p = .017; 160°/s: T = 2.160, p = .034). The effect size averaged across velocity levels was d = 1.1. This indicates that even during typical development during the age ranges of 10-16 years, some changes in smooth pursuit characteristics appear to continue. Similar to that of the gymnasts, the individual data of the NA group demonstrate increases in smooth pursuit gain values for all participants, with only one exception (subject 5 at 60°/s).
The questionnaire concerning the usage of computer games, however, showed a clear increase of weekly usage in the group of nonathletes (mean T1: near 0 hr/ week, mean T3: 13.4 hr/week), whereas the use in the gymnasts this remained low (mean T1: near 0 hr/week; T3: 6.1 hr/week). While we cannot claim with certainty that playing video games was responsible for the observed increase in gains in the NA group, this is an interesting trend that could motivate future research in this area.
Discussion
Overall, the findings of this study contribute to three general aspects of smooth pursuit characteristics and adaptation; individual differences, training specific effects, and maturational effects during a period of adolescence. First, while it is widely known that there is a large variability in smooth pursuit gain and other oculomotor functions across individuals (e.g., Langenegger & Meienberg, 1988 , Schalèn, 1980 , this study further demonstrates that this high interindividual variability is also observed in highly-trained athletes (even within the same performance level). Further, this variability in gain values across individuals is not a transient artifact of testing at one particular moment or velocity, but rather, the magnitude of the gain differences between participants were consistent over time and across the different test velocities. This indicates that participants who had a relatively high gain in T1 (compared with others in the group), also likely had a relatively high gain in T3. Therefore, a general scaling effect was seen with respect to velocity and testing time period with the relative differences between participants within a group remaining the similar.
With regards to training-related effects, perhaps one of the most revealing results is the decrease of smooth pursuit gain values observed in all gymnasts after only a three week break in training. Within this time, even highly trained, competitive gymnasts showed a considerable reduction in their smooth pursuit gain advantage. This suggests that these adaptations are relatively plastic and somewhat short-term. This is especially interesting considering that a break in training does not mean a complete break of smooth pursuit requirements in general. We constantly depend on this important oculomotor function in many activities of daily life. The decrease of the gain values during this period thus emphasizes the influence of the specific loads of multiaxial gymnastics movements to smooth pursuit gain values. Evidence for training-related influences was provided through both the cross-sectional study and the longitudinal analysis after three years. Gymnasts who continued to train intensively over the course of the three years also showed higher gain values than they did when initially tested at T1. This indicates that even very high level gymnasts continued to exhibit changes in smooth pursuit characteristics with continued practice. Further, the results indicate that the D-level gymnasts who retired from the team about one year before T3 (and therefore reduced their training load) tended to have less increases in their gains at T3 compared with their colleagues who intensified their training.
Anecdotal evidence also supports the fact that gymnasts often feel more disoriented after breaks in training even after a couple of days (e.g., holidays). While this is likely due to several factors, one reason, supported by the current findings could be a decrease in smooth pursuit gain. Overall, it will be important in future to more clearly determine the time course of these adaptations in terms of how quickly they develop (at different training schedules) and how quickly they decay after a period of abstinence from training. The results demonstrate that, in general, the highest gain values were observed for the A/BGy group compared with the DGy group and the nonathletes. However, only the D-level group and the NA group were controlled for age, while the gymnasts in the A/B level group were older. Consequently, the comparison between the DGy group and the NA group is most revealing when attempting to dissociate training-related effects from maturationalrelated effects. Importantly, the DGy group demonstrated higher gains than the NA group at all velocity levels.
Interestingly, even nonathletes demonstrated consistent increases in gain after several years. This is likely due to maturational or nonsports related changes during the developmental range between 10-16 years of age. Past studies have shown changes in smooth pursuit characteristics between the ages of six weeks to six years of age in typically developing children (e.g., Jacobs et al., 1997; Phillips et al., 1997; Rütsche, Baumann, Jiang & Mojon, 2006; von Hofsten & Rosander, 1997) . Specifically, gain values appear to increase as a function of age. Far fewer studies have evaluated whether similar changes continue to occur during the early teenage years. Accardo, Pensiero, Dapozzo & Perissutti (1995) compared the smooth pursuit characteristics of children aged 7-12 with those of adults and found that, in general, velocity gain values were lower and more variable in children. Others have reported that the differences in gain seen between children and adults vary as a function of the velocity of the target stimulus, with the differences being larger at higher velocities (Accardo et al., 1995; Karatekin, 2007) . As described in the results section, some nonathletes in this study reported a considerable increase in video game playing activity during the three year span, which far exceeded that reported by gymnasts. Incidentally, previous studies have also described adaptation effects of eye-movement velocities to certain visual training impulses (e.g., Scheuerer, 1999; Takagi, 2000) . It might be predicted that something similar could arise from the training effects caused by extensive and regular exposure to computer games, which also requires high smooth pursuit skills. However, we compared the gain values of the nonathlete participants with the highest reported video game playing times (Participants 1 and 6 with about 21 hr/week) and those with the lowest reported time (Participants 2 and 9 with about only 7 hr/week) and found that video game playing time did not appear to be directly correlated to the smooth pursuit development. Therefore, it does not seem as though video game playing per se is likely the primary cause of the gain changes observed for adolescent nonathletes during the three years in between testing.
Overall, the individual between subject variability in smooth pursuit gain levels was much larger than any training-related and/or maturational differences (i.e., either between groups or within groups at different time points in training). For instance, there were individual athletes in the A/BGy-group who had consistently lower gain levels than some of the nonathletes (despite the fact that they were highly trained and older than the nonathletes). Therefore, it is particularly revealing to evaluate changes in smooth pursuit characteristics over time/training in the same individual rather than making any conclusions about smooth pursuit characteristics across different individuals at one moment in time.
Having now revealed unique characteristics of the smooth pursuit patterns observed under standardized conditions without any movement of the body, it will be the next important step to perform eye tracking measurements during realistic performance conditions. Further, it is also important to note that because the stimuli used in the current study were sinusoidal in nature, the movements were therefore predictable. These stimuli were chosen intentionally to represent the predictable pursuit requirements in common gymnastics maneuvers. However, it is possible that the observed differences between the groups could reflect differences in both smooth pursuit and/or movement anticipation. Therefore, future work will help to more precisely define the factors underlying the observed differences in eye movements across the different groups revealed in the current study.
Conclusions/Summary
This study is one of the first to evaluate smooth pursuit gain adaptations in very high-level gymnasts. Consequently, these results provide insight into the effects of having extensive experience with complex, multiaxial rotational movements. The results show that gain values vary as a function of the level of expertise/caliber, with the highest gains observed in the highest level athletes and the lowest gains observed in nonathletes. These findings were confirmed both, across athletes at different levels of competition and within the same individual athlete as their training progressed over several years. Smooth pursuit characteristics were also affected by short-term changes to the training program, such that gains generally decreased over the course of a three week break. These results provide evidence for training-related influences on individual smooth pursuit gain values acquired in sports like gymnastics. There were also some interesting increases in smooth pursuit gain values in nonathletes between 10-16 years of age over a three year span, which are likely attributable to maturational effects within this age range. Overall, the results offer new insights into the link between stabilizing eye-movements in high caliber athletes and the normal adaptation of these changes during typical development. Future work will help define how they relate to human spatial orientation mechanisms and the adaptation of other oculomotor functions related to complex movements.
